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Plasmonics has conventionally been in the realm of 
metal-optics. However, conventional metals as plas- 
monic elements in the near-infrared (NIR) and visible 
spectral ranges suffer from problems such as large losses 
and incompatibility with semiconductor technology. Re- 
placing metals with semiconductors can alleviate these 
problems if only semiconductors could exhibit negative 
real permittivity. Aluminum doped zinc oxide (AZO) is 



1 Introduction Plasmonics as a route to sub-wavelength 
optics has aroused the curiosity of a variety of researchers. 
Its numerous applications range from sensors and imag- 
ing to waveguides and switches [1|. The vast potential 
of plasmonics can be better exploited if the losses in the 
plasmonic components are reduced and the integration 
with semiconductor technology is feasible |2). Both of 
these conditions can be met if plasmonic materials can 
be semiconductors instead of conventional metals such as 
gold and silver. Unlike metals, heavily doped semiconduc- 
tors can exhibit a small negative real permittivity (e') and 
very small losses at infrared and longer wavelengths Q. 
However, achieving a negative e' in the NIR is non-trivial 
because extremely high doping would be necessary. In 
this paper, we outline the development of a low-loss semi- 
conductor plasmonic material for the NIR and present the 
design of novel plasmonic devices such as superlens and 
hyperlens using this material at a wavelength of 1.55 [im. 
We also provide a quantitative assessment of the perfor- 
mance of these semiconductor plasmonic systems at 1 .55 
\xvn as against the conventional metal based systems. 

2 Doped semiconductors Optical properties of 
heavily doped semiconductors can be described by Drude 
model |4| in the absence of interband transitions. Accord- 



a low loss semiconductor that can show negative real 
permittivity in the NIR. A comparative assessment of 
AZO-based plasmonic devices such as superlens and hy- 
perlens with their metal-based counterparts shows that 
AZO-based devices significantly outperform at a wave- 
length of 1.55 fim. This provides a strong stimulus in 
turning to semiconductor plasmonics at the telecommu- 
nication wavelengths. 
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ingly, negative e' in semiconductors at optical frequencies 
may be achieved by large doping and small €i nt (low 
frequency permittivity of semiconductor with no free car- 
riers) and, lower losses by small damping and absence 
of interband transitions. Smaller damping implies large 
carrier mobility and, avoiding interband transitions in the 
spectrum of interest implies bandgap to be larger than the 
largest photon energy of interest. With these guidelines, 
we next assess various semiconductors and intermetallic 
nitrides for their suitability as NIR plasmonic materials. 

2.1 Semiconductors plasmonic materials Con- 
ventional semiconductors such as silicon and germanium, 
III-Vs such as aluminum, gallium and indium phosphides, 
arsenides and antimonides may be grown as single crystals 
with very high carrier mobilities. However, the primary 
problems with these semiconductors are their large €i nt 
and difficulty in doping beyond 10 20 cm -3 due to the elec- 
trical solubility limit of dopants (S]|6). 



Heavy doping of about 10 2 



is possible in ox- 



ide semiconductors such as zinc oxide and indium oxide. 
The solid-solubilities of dopants (Al, Ga in ZnO and Sn 
in /712O3) are very high which makes large doping possi- 
ble. These semiconductors have wide band-gaps and their 
ti n t values are moderately low. In addition, relatively high 
mobilities of charge carriers can be achieved with poly- 



Copyright line will be provided by the publisher 



2 



G. V. Naik et al.: Semiconductor Plasmonic Metamaterials 



> 

CD 




%wt composition of Al 

Figure 1 Optimization plot for pulsed laser deposited 
(PLD) aluminum doped zinc oxide (AZO) thin films show- 
ing the cross-over frequency (uj c ) as a function of doping 
concentration for two different deposition temperatures. 



crystalline microstructure though very high mobilities are 
typically observed in single crystals. Thus, these semicon- 
ductors are good candidates for plasmonic applications 0. 

In reference O we showed that aluminum doped zinc 
oxide (AZO) can have losses as low as four-times smaller 
than that of silver in the NIR and, Gallium doped Zinc 
Oxide (GZO) and Indium-Tin-Oxide (ITO) are also low- 
loss plasmonic materials in the NIR. The properties of 
these oxide semiconductors are strongly dependant on their 
fabrication procedures. When optimized however, AZO 
shows the lowest losses |8]. Pulsed-laser-deposition (PLD) 
which is reported to produce films with high carrier mo- 
bility is adopted to deposit thin films of AZO [7 |. Opti- 
mizing doping is a challenge as too high doping can re- 
sult in low donor-ionization-efficiency and solid-solubility 
problems j 9 j . The deposition temperature and oxygen par- 
tial pressure during deposition play significant roles in the 
optimization. Figure Q] shows the optimization curves for 
AZO films. The films were characterized by variable-angle 
spectroscopic ellipsometer (J.A. Woollam Co.) to extract 
the Drude parameters. The smallest cross-over wavelength 
(wavelength at which e' crosses zero) observed so far is 
1720 nm. The dependence of cross-over frequency on dop- 
ing shown in Fig. Q] suggests that further increase in doping 
could increase the cross-over frequency. In reference 0, 
we notice that cross-over wavelength as low as 1 .3 /im is 
possible with AZO. 

Among the intermetallics such as silicides and ger- 
manides, nitrides exhibit lower losses and larger carrier 
concentrations. The interband transitions, however, are not 
completely absent in the NIR and visible spectral ranges 
making them less attractive as plasmonic materials. How- 
ever, unlike metals, their e' values can be small in magni- 
tude and negative in visible spectrum, which make them 
potential plasmonic materials for niche applications. Tita- 



nium nitride is a transparent nitride exhibiting negative e' 
for wavelengths longer than about 500 nm iflOl . With some 
optimization, the losses in titanium nitride can be reduced 
low enough to be useful for plasmonic applications. 

3 Semiconductor plasmonic devices Semicon- 
ductor plasmonics in the NIR has been demonstrated with 
ITO for experiments involving the excitation of SPPs ifTTIl . 
However, there has not been much progress beyond that as 
semiconductors cannot have large negative e' in the NIR. 
For plasmonic waveguide applications, semiconductors 
with small negative e' provide much better confinement 
than metals fl2l . For example, while the 1/e field spread 
of a single-interface AZO/air waveguide can be about 350 
nm at a wavelength of 1.55 fim , the same for a gold/air 
interface is about 2.5 yjm. However, this comes at the cost 
of propagation length which is reduced from about 200 
fxm for gold to about 4 fim for AZO. In comparison, the 
long ranging-SPP gap mode [ 12] in a gold/air/gold waveg- 
uide with a 100 nm air gap has 1/e field spread of about 
270 nm with a propagation length of about 10 ixm at 1.55 
\im wavelength ff3l . Though the performance of AZO is 
lower in terms of propagation length, AZO can be effective 
for niche applications such as plasmonic chemical sensors. 

Semiconductors have unbeatable performance for 
novel plasmonic devices such as hyperlens and superlens 
as they have small negative e'. As evidence, the demon- 
stration of negative refraction in a hyperbolic metamate- 
rial (HMM) made of GaAs/AlGaAs layers operating at a 
wavelength of 9 \im had a figure-of-merit (FOM) as high 
as about 40 (3). If the same structure is made of silver 
and dielectric alternating layers, it would have had a FOM 
close to zero all over the mid-IR and NIR ranges. With 
metals the FOM improves only near their cross-over fre- 
quency if inter-band transitions are absent. This condition 
is only barely met by conventional metals and, silver being 
the best candidate so far, has been demonstrated to work 
well for hyperlens only in UV at 365 nm lfl4l . Similarly, 
superlens has also been demonstrated only in UV 031 . 

In order to develop an insight into this problem, con- 
sider a schematic of a HMM formed by alternating layers 
of metal and dielectric as shown in Fig.|2^. If the individual 
layers are much thinner than the wavelength, from effective 
medium approximation (EMA) the anisotropic permittivity 
values are given by Eq. [1] where e m and t d are permittiv- 
ity values of metal and dielectric respectively and / is the 
metal filling fraction. 



fe m + (1 - f)e d , ex 



fe d + (1 - /K 



(1) 



Hyperbolic dispersion arises when real parts of eii and 
e± are of opposite signs. The k-space of HMM would 
be as shown in Fig. [2}). Unlike the spherical dispersion 
of vacuum, HMM allows infinitely large propagating 
wavevectors. This principle is utilized in many devices 
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Figure 2 a) Schematic of hyperbolic metamaterial (HMM) 
formed by alternating layers of metal and dielectric b) Dis- 
persion plot of HMM c) Truncated schematic of cylindrical 
hyperlens formed by alternating layers of metal and dielec- 
tric, d) Simulation results plotting the field distribution in a 
hyperlens demonstrating its capability to resolve two point 
sources separated by A/4 in the far-field. 



such as the hyperlens to achieve sub-wavelength resolu- 
tion imaging 1(161 . For example, the HMM structure can be 
a multi-layered equivalent of a single slab superlens IfTTl if 
i?e{e||} = 0. Using this in Eq.Q]gives / = ed -Re{e } • At 
a wavelength of 1 .55 /im, even for high permittivity dielec- 
tric such as silicon, the silver filling fraction turns out to be 
less than 10%. Such low filling fraction requires ultra-thin 
silver films close to the percolation limit. The FOM l8l [T7l 
would be 0.25 without considering the additional losses 
that would arise from the roughness of each layer and the 
associated scattering. All of these problems can be over- 
come with nearly the same FOM for a single-slab AZO 
superlens. 

For a negatively refracting HMM slab, the FOM may 
be defined as FOM = Re{k±} / Im{k±} |3|. FOM is 
greater than unity if only i?e{e||} > 0. It may be noticed 
from Eq. Q] that no metal filling fraction can satisfy this 
condition for any of the conventional metals in the NIR. 
On the contrary, if AZO/ZnO layer stack with 50% filling 
fraction is used as a HMM, the FOM can be as high as 
5.5 for a polycrystalline structure and about 65 for a single 
crystal system. The AZO/ZnO HMM stack if formed as 
cylindrical layers instead of planar layers, performs as hy- 
perlens. The geometry of hyperlens is schematically shown 
in Fig. |2j; together with the simulation-based illustration 
of achievable sub-wavelength resolution (see Fig.|2jl). Us- 
ing AZO/ZnO to build such as device at NIR would re- 
sult in FOM of about 5.5. As a comparison, the Ag/A^C^ 
system used to demonstrate hyperlens at 365 nm wave- 
length IH) had FOM of about 1.5. Thus, AZO signifi- 
cantly outperforms any conventional metal for the above 
mentioned metamaterial applications. As a recent develop- 



ment, AZO/ZnO HMM multilayer stack is a good candi- 
date for developing quantum optics devices based on en- 
gineering the photonic density of states lfl8ll . Thus, AZO 
is a good choice as a semiconductor plasmonic material in 
the NIR for the novel plasmonic and metamaterial-based 
devices for nanophotonics and quantum optics. 

4 Conclusions Low loss, heavily doped semicon- 
ductors as plasmonic materials offer many advantages 
over conventional metals for nanophotonic applications 
in the NIR. They facilitate the integration of plasmonics 
and nanophotonics into the well-established semiconduc- 
tor technology and thereby stimulating the development of 
new types of nano-optical devices Ifl9l . 
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